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The effect of permeate flux on the development of a biofouling layer on cross-flow separation membranes was
studied by using a bench-scale system consisting of two replicate 100-molecular-weight-cutoff tubular ultra-
filtration membrane modules, one that allowed flow of permeate and one that did not (control). The system was
inoculated with Pseudomonas putida S-12 tagged with a red fluorescent protein and was operated using a
laminar flow regimen under sterile conditions with a constant feed of diluted (1:75) Luria-Bertani medium.
Biofilm development was studied by using field emission scanning electron microscopy and confocal scanning
laser microscopy and was subsequently quantified by image analysis, as well as by determining live counts and
by permeate flux monitoring. Biofilm development was highly enhanced in the presence of permeate flow, which
resulted in the buildup of complex three-dimensional structures on the membrane. Bacterial transport toward
the membrane by permeate drag was found to be a mechanism by which cross-flow filtration contributes to the
buildup of a biofouling layer that was more dominant than transport of nutrients. Cellular viability was found
to be not essential for transport and adhesion under cross-flow conditions, since the permeate drag overcame
the effect of bacterial motility.

Membrane separation is becoming a wide-spread technology
for water and wastewater treatment and purification (35). A
membrane is basically a selective porous medium which allows
the transfer of certain molecules to the permeate side based on
size and charge depending on the type of process. In cross-flow
membrane separation there are two simultaneous streams: the
feed stream, flowing parallel to the membrane walls, and the
permeate stream, flowing perpendicular to the membrane sur-
face (Fig. 1).

The movement of particles, colloids, and nutrients toward
the membrane surface enhances the development of a biofilm
layer (biofouling). Besides the substances that have a biological
origin, including cells and extracellular polymeric substances
(EPS), the biofouling layer may include inorganic and organic
substances and particulate material rejected by the membrane.
Biofilms provide clear advantages to microorganisms, includ-
ing protection from stress conditions in the environment, bet-
ter metabolic cooperation, and higher densities that facilitate
genetic exchange (15, 52). Biofouling can become a significant
problem if biofilm growth is not controlled, because it can lead
to clogging of a membrane, impairing the ability of the system
to function properly (7).

In cross-flow membrane filtration, the net velocity of parti-
cles toward the membrane surface is determined largely by
normal convection, and small contributions are made by tan-
gential convection and Brownian diffusion (51). Nonspecific
interfacial forces seem to dominate bulk transport and thus
govern deposition phenomena. These interfacial forces are
caused by interactions such as van der Waals, steric, Lewis

acid-base, and electrostatic double-layer phenomena and hy-
drodynamic conditions (31). Compared to dead-end filtration,
cross-flow filtration has the intrinsic advantage that the feed
stream generates a tangential shear force on the membrane
walls, thereby diminishing biofouling.

The initial attachment of bacteria on membranes is con-
trolled largely by physicochemical factors, such as solution
chemistry, surface properties of the membrane and particles,
and the hydrodynamic conditions (2, 4, 9, 11, 18, 19, 34, 57).
Bacterial factors also have an important role in attachment.
Increased production of specific surface proteins and exopoly-
saccharides results in increased cellular adhesiveness and bio-
film formation (28, 49, 53). The expression of these compo-
nents is mediated by GGDEF domain-containing proteins in
different bacteria, including Pseudomonas putida, Escherichia
coli, Salmonella enterica, Vibrio cholerae, and Pseudomonas
aeruginosa (23, 32). Surface attachment, especially in the early
stages of colonization, may also be affected by bacterial motil-
ity, particularly twitching motility, a form of surface transloca-
tion mediated by flagella and type IV pili (14, 26, 42, 43).
Flagella have been proposed to be important in the initial
phase of attachment of P. putida to plant roots and fungal
hyphae (55, 58), but they were not shown to be necessary on
other surfaces (22). Moreover, a hyperflagellated mutant strain
was shown to exhibit impaired initial biofilm formation (13).
Flagella are also known to play a role in the structural devel-
opment of a biofilm. Subsequent to the formation of micro-
colonies, flagellum-driven motility plays a key role in the for-
mation of loose protruding structures (54). The expression of
flagella was found to have a strong relationship to surface
attachment; this expression is downregulated quickly after sur-
face attachment and is upregulated at later stages of biofilm
development (32).

Motility was found previously to be involved in bacterial
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attachment to surfaces in both flowing systems (33, 39) and
static systems (43, 47, 56). In a cross-flow regimen, there is a
trade-off between the shear force (which acts in the horizontal
direction and releases bacteria from the surface by shearing
them off the surface) and the permeation drag force that orig-
inates from the pressure gradient across the membrane or
transmembrane pressure (which acts in the vertical direction,
carrying bacteria and other particles toward the membrane).
So far, little is known about the importance of motility in
bacterial attachment and biofilm development in cross-flow
membrane filtration, which has a different flow field than the
conventional flow pattern of unidirectional flow.

Not only is the permeation drag force, which acts perpen-
dicular to the stream lines, an additional strong force assisting
in penetration of the hydrodynamic layer by cells (18, 19), but
it may also influence biofilm development, as follows: (i) by
speeding up and enhancing attachment of the first cell clusters
in the early attachment phase, (ii) by increasing the migration
of nutrients and gases toward the base of the biofilm, and (iii)
by improving the removal of metabolites and the spread of
signal molecules. The influence of cross-flow on the physical
properties or morphology of biofilms has not been thoroughly
explored, yet both morphological and physical differences be-
tween biofilms grown with and without cross-flow can be ex-
pected due to the perpendicular flow vector. Biofilm thickness
and density are two important parameters which may change in
the presence of permeation due to an enhanced flux of nutri-
ents. Changes in these parameters may result in diffusional
limitations and affect the microenvironment surrounding the
cells (46).

The working hypothesis of the present research was that the
permeation drag force overcomes the local shear force and
overshadows the importance of swarming motility in the ad-
hering bacteria, making swarming motility irrelevant in this
case. Once attached, the bacteria that colonize the membrane
surface utilize the nutrient flux into biomass and form the EPS
of the biofilm. Therefore, the aim of the present study was to
investigate how cross-flow filtration quantitatively affects bio-
film structural parameters in a bench-scale system consisting of
tubular ultrafiltration membrane modules inoculated with
fluorescently tagged P. putida S-12 and operated using a lam-
inar flow regimen under sterile conditions in continuous mode.
The biovolume, thickness, density, coverage area, and mor-
phology, as well as the decrease in the permeate flux through
the membrane during buildup of the biofouling layer, were
determined. The effect of the cross-flow on microbial cell

transport and the importance of motility during initial coloni-
zation were studied as well. These parameters were examined
by using confocal scanning laser microscopy (CLSM) imaging
and subsequent image analysis upon induction of biofilm for-
mation.

MATERIALS AND METHODS

Bacterial strain. P. putida wild-type strain S-12 (� ATCC 700801) (27) was
used as the model organism in this study. The minitransposon (plasposon)
pTnMod-RKm� (GenBank accession number AF061930) was used as a suicide
delivery vector to mark the P. putida S-12 chromosome with DsRed (red fluo-
rescent protein [RFP]) and a kanamycin resistance gene (Kanr) (17). A single-
species biofilm was used in order to simplify the test system and provide a means
for easier tracking of biofilm development without the influence of a relationship
between different bacterial populations.

Inoculum and media. Luria-Bertani (LB) broth was used for the starter cul-
tures (which were grown for 16 h at 30°C in shaken flasks) that were used for
inoculation of the experimental cultures. The experimental medium consisted of
LB broth diluted 1:75, unless otherwise indicated. The proper dilution was
obtained by proportional addition of water and LB medium diluted 1:10 by using
two peristaltic pumps. Kanamycin (30 �g/ml) was added to the maintenance,
inoculum, and experimental media for selection.

The experiments were started by adding a volume of the starter culture
(optical density, 3.3) to the reaction medium (140 ml) to obtain an initial cell
concentration of approximately 1.4 � 107 cells/ml in the reactor (Fig. 2). All
experiments were performed under sterile conditions.

Flowthrough cell system. A dual-channel tubular flowthrough cell system that
allowed work under sterile conditions was used (Fig. 2). The flowthrough cells
(length, 13 cm; diameter, 12.5 mm) were equipped with a tubular 100-kDa-
molecular-mass-cutoff ultrafiltration membrane made of polyvinylidene difluo-
ride (PF100; PCI). Unless indicated otherwise, one cell was run under cross-flow
conditions (�CF), which allowed passage of permeate through the membrane,
and the other was run without cross-flow (�CF) using unidirectional flow (Fig.
2). A concentrated nutrient feed solution was directly diluted with double-
distilled water to obtain the desired concentration in a 140-ml reactor by regu-
lating the flow of two parallel peristaltic pumps (Cole-Parmer, United States).
The cells, reactor, and reservoirs were all made of Pyrex glass. The different
components of the system were connected with silicone tubing, and recirculation
was accomplished by using a peristaltic pump. The system was equipped with
pressure gauges and rotameters.

Biofilms of P. putida were allowed to develop on the membrane surfaces as a
model for biofouling layer development under sterile conditions. In all cases all
the components of the system except the membranes and the pressure gauges
were autoclaved (121°C for 20 min) prior to each experiment. After the system
was assembled, a 0.5% (wt/wt) NaOCl solution was run in the system for at least
3 h, and then the system was thoroughly rinsed with sterile double-distilled water

FIG. 1. Schematic diagram of cross-flow filtration (�Cross-flow)
and non-cross-flow filtration (�Cross-flow). Under cross-flow filtration
conditions there is a permeate stream which acts perpendicular to the
feed stream, whereas under the non-cross-flow regimen there is uni-
directional flow. FIG. 2. Schematic diagram of the dual-channel tubular flowthrough

cell system. Cells were 13 cm long and 12.5 mm in diameter. A concen-
trated nutrient fed solution was directly diluted with distilled water to
obtain the desired concentration in a 140-ml reactor by regulating the flow
of the feed and dilution peristaltic pumps. Pressure gauges and rotameters
were used for continuous determination of membrane permeability. The
system was run under sterile conditions. Membrane modules are in the
upper left corner (Flow-through cells). Where indicated, a third mem-
brane reactor was added.
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for 16 h. In order to check for sterility, the rinse water was plated on LB agar
plates prior to each experiment.

After inoculation the influent flow rate was maintained at 3.5 ml/min, resulting
in a dilution rate of 0.025 h�1 (corresponding to a hydraulic residence time of 40
min). This rate was greater than the washout rate for P. putida S-12 in the diluted
medium in order to minimize suspended growth and to encourage biofilm growth
(48). Effluent samples were taken right after inoculation, and the concentrations
were found to be approximately 107 cells/ml.

The average flow velocity (ū) was maintained at approximately 0.065 m/s, and
the corresponding calculated Reynolds number was 910 (at 30°C) (i.e., laminar
flow). The shear rate on the membrane surface (�w) using the laminar flow
regimen was calculated as follows: �w � 8ū/D � 41.6 s�1, where D is the tubular
membrane diameter.

Permeability (Lp) is defined as the specific permeate flux (J) through a membrane
relative to the transmembrane pressure drop (�P) across the membrane and was
calculated as follows: Lp � J/�P (liters/m2 · h-105 Pa) (neglecting osmotic pressure
changes). Permeability was calculated at different time points in order to track the
kinetic pattern of the biofouling layer buildup showing blockage of the membrane.
The transmembrane pressure was calculated as follows: �P � (Pin � Pout)/2 (ne-
glecting the pressure on side of the permeate, which was discharged at atmospheric
pressure), where Pin and Pout are the pressure of the feed stream and the pressure
of the retentate stream, respectively (Fig. 2). Unless indicated otherwise, the exper-
iments were conducted at a fixed initial �P of 105 Pa.

A sampling port was located in the overflow line at the exit of the reactor.
Autoclave-sterilized 0.22-�m air filters (Millipore Millex-FG50) were located

on the reactor and the feeding carboys to allow free aeration of the system.
Comparative growth of biofilms on membranes with and without cross-flow.

Independent experiments were performed for different time periods (1 h up to
6 days), and in each experiment side-by-side �CF and �CF membrane modules
were used. The system was prerun with a nutrient solution for 4 h in filtration
mode (i.e., with permeate flux) prior to inoculation (time zero). After inoculation
as described above, a sample of the liquid in the system was collected and plated
to determine the live cell count. The permeate flow rate for the �CF membrane
was recorded during the experiments at different time points, as indicated below.

At the end of each experiment, the membranes were removed from the system
and were thoroughly washed with a sterile saline solution to remove all loosely
attached bacteria. To count the attached bacteria, two 1-cm-long pieces (area of
each piece, 3.93 cm2) from each membrane were vortexed in a glass tube for 40 s
with 4.5 ml of saline containing 0.1% Tween 80 and 2.5 g of glass beads (diam-
eter, 3 mm). Serial dilutions were prepared and plated on LB agar plates. The
plates were incubated at 30°C for 16 h. To analyze the biofilm structure, mem-
brane samples were sliced and prepared for microscope analyses as described
below.

Effect of the permeate drag force on bacterial transport and biofilm forma-
tion. To determine the effect of the permeate drag force on bacterial transport
and biofilm formation, a flowthrough system that was similar to that described
above but included three parallel channels was used. The system was prerun with
a nutrient solution for 4 h and aseptically inoculated (time zero), as described
above. After inoculation, a sample of the liquid in the system was collected and
plated. Then all three modules were operated as �CF membrane modules for 15
min, allowing a flux of permeate through the membrane, in order to allow
bacteria to attach equivalently to all three membranes in full recycle mode (batch
mode). During this phase no fresh nutrients were introduced into the system in
order to keep the bacterial concentration in the system constant. After this the
system was aseptically evacuated and then refilled with fresh nutrients (purging
phase). This procedure was repeated at least five times for 1 h in order to remove
the maximum number of planktonic cells possible. At the end of this phase, a
sample of fluid was collected from the system and plated in order to determine
the concentration of suspended bacteria left in the system. Concomitantly, one
module was removed from the system, and the membrane in it was thoroughly
washed with a sterile saline solution to remove loosely attached bacteria, as
described above, and plated to quantify the attached bacteria. From this point
onward, the nutrient feed rate was increased to 1.5 liters/h (retention time, 8
min) in order to wash out all remaining planktonic bacteria.

One of the two modules left was run as a �CF module and the other was run
as a �CF module, as described above, for an additional 4 h. At the end of this
period a sample of each liquid was collected and plated in order to determine the
suspended cell concentration in the system, which was found to be approximately
104 cells/ml, which was 3 orders of magnitude less than the concentration right
after inoculation. Then the two modules were removed, and the membranes were
washed and plated as described above.

Influence of bacterial viability on adherence to the membranes. Two separate
flowthrough cell systems were run in parallel under sterile conditions. One of

these flowthrough systems was a dual-module system similar to that shown in Fig.
2, and it was inoculated with dead cells (as described below); one module
contained a �CF membrane, and the other module contained a �CF mem-
brane. The second flowthrough system was a single-module system that was
inoculated with only live cells (�CF). Both systems were inoculated so that the
final cell concentrations were the same. In this setup, both systems were operated
by using a three-head peristaltic pump (Cole-Parmer) under flow conditions that
were the same as those described above. The running time was 1 h in order to
allow early attachment while minimizing duplication of the live bacteria. After
inoculation, a sample of the liquid in the system was collected and plated. Both
systems were run with full recycling (batch mode) in order to avoid differential
dilution and washout.

At the end of the running time the membranes were removed and thoroughly
washed with a sterile saline solution. Membrane specimens were cut, thoroughly
washed, and directly observed with a fluorescent microscope to analyze the
coverage area.

For preparation of live and dead RFP-tagged P. putida S-12 cell suspensions,
bacteria were grown and harvested as described by Solomon and Matthews (50).
Briefly, cells were grown overnight in LB medium and then split into two parts.
Cells were killed with 2.5% glutaraldehyde, and microscopic observation showed
that the dead cells retained their fluorescence properties.

Microscopy. (i) CLSM. Biofilm development was visualized by using an MRC
1024 CLSM (Bio-Rad, Hempstead, United Kingdom) equipped with a Nikon
Plan Apo 63x1.40 objective and by using a Zeiss 510 Meta confocal laser scan-
ning microscope equipped with a Zeiss AxioImager Z1 equipped with detectors,
lenses, and filter sets for monitoring fluorescent staining. The EPS was visualized
by using concanavalin A (fluorescein isothiocyanate) staining (40, 41). Bacterial
cells were visualized by using RFP tagging. Staining with the nucleic acid stains
Syto9 (S34854; Invitrogen-Molecular Probes) and propidium iodide (P4170;
Sigma) for visualization of total cells and dead cells, respectively, was performed
according to the manufacturers’ instructions.

The parameters for the CLSM were set once and applied evenly as much as
possible for the rest of the experiments in order to ensure that there could be
quantitative comparison of the results. Wavelengths were set by using the man-
ufacturers’ instructions, as follows: for concanavalin A (fluorescein isothiocya-
nate) and Syto9, excitation at 488 nm and emission at 498; for RFP, excitation at
563 and emission at 580 nm; and for propidium iodide, excitation at 493 and
emission at 630.

(ii) Fluorescent microscopy. Early stages of biofilm development were tracked
by observation of fluorescently tagged bacteria using a Leica Dmire2 inverted
microscope and a Zeiss Axio-observer 200 M inverted microscope. z cross sec-
tions were acquired by using �40 and �63 lenses (z cross sectioning was needed
due to the curved nature of the membrane surface).

(iii) SEM. Membrane samples used for scanning electron microscopy (SEM)
were fixed with glutaraldehyde and dehydrated using an ethanol gradient under
cold conditions, as described elsewhere (3, 30). To dry the cells, hexamethyl-
disilazane was used instead of critical point drying. This method has been re-
ported to be more suitable for drying samples of cells for SEM examination
without causing disruption of the cell structure (3). Samples were sputter coated
with carbon and were visualized by using a Leo Gemini 982 high-resolution SEM.
All chemicals employed were electron microscopy quality (Sigma Chemical, St.
Louis, MO).

(iv) Image analysis. PHLIP software (38; http://phlip.sourceforge.net) is an
open-source software which was specifically designed for three-dimensional (3D)
biofilm analysis. PHLIP automatically sets the threshold value using the Otsu
algorithm (44) and calculates the architectural parameters. PHLIP runs on the
Matlab platform and requires an additional definitions file, which was automat-
ically produced by Auto-PHLIP-ML software (37; http://sourceforge.net/projects
/auto-phlip-ml). Auto-PHLIP-ML also removes bias from biologically insignifi-
cant pixels by removing extraneous images.

In this work PHLIP calculations were used to determine the biovolume,
substratum coverage, area-to-volume ratio, and mean thickness. Biovolume is
the volume of the biomass, as measured by accumulation of foreground pixels
which are attributed to biomass (by external fluorescent staining or inherent
bacterial RFP). The threshold was set automatically by PHLIP (by running the
Otsu algorithm) and was manually verified and adjusted when necessary (38).

PHLIP was run in the “no connected volume filtration” (CVF) mode. The
CVF option removes pixels that are not connected to the substratum through
connection to other neighboring pixels (38). In our study CVF was found to
cause bias in the results due to the curved membrane surface. Data were ex-
ported in an XML format and were statistically analyzed using Excel.

ImageJ (http://rsb.info.nih.gov/ij/) was used for 3D imaging (using the “Vol-
ume Viewer 1.31” plugin [6; http://rsb.info.nih.gov/ij/plugins/volume-viewer
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.html]) and for analysis of the coverage area at the early development stages
(monolayer) of the biofilm.

z stack images acquired by fluorescent microscopy were processed and focused
by using the “Extended depth of field” plugin (21; http://bigwww.epfl.ch/demo
/edf/#soft) to produce a focused merged image of the whole scanned area for
subsequent coverage area analysis.

RESULTS

Effect of cross-flow on the buildup, morphology, and struc-
tural parameters of biofilms that developed on membranes.
The purpose of these experiments was to perform a compar-
ative study of biofilm development on membranes with and
without cross-flow filtration. The �CF membranes did not
have a pressure gradient across them, which prevented perme-
ate flux as well as the accumulation of a concentration-polar-
ization layer. In the �CF membranes there was a pressure
difference across the membranes, and consequently permeate
flux was allowed, generating a convective flow toward the
membrane surface.

The bacterial adherence and buildup of the biofilm layer on the
�CF membranes resulted in a typical exponential decrease in the
membrane permeability, and there was a 	75% decrease after
48 h (Fig. 3). Following this, the permeability reached an asymp-
totic value, which corresponded to the value for a fully developed
biofilm (i.e., saturation resistance was reached under these con-
ditions). We predicted that a decrease in permeability would
occur shortly after inoculation. Measurement of the permeate
flux in several independent replicate experiments showed that a
22% decrease in permeability occurred within the first hour once
bacterial deposition and biofilm formation occurred, and after
this the decrease was moderate (Fig. 3).

The biofilm buildup was more evident on the �CF mem-
branes, as shown by the greater thickness of the biofilms grown on
the �CF membranes than of the biofilms grown on the �CF
membranes (Table 1). Within 12 h after inoculation, the biofilm
on a �CF membrane consisted of a thin layer of cells (varying
from a monolayer up to 8 �m thick), while the biofilm on a �CF
membrane consisted of a sparse layer of cells which randomly
colonized the membrane surface. The difference between the
biofilms on the �CF and �CF membranes was also observed at
20 h, although both biofilms were denser. At �6 days, the �CF
membranes became clogged by the biofilm layer, the permeate
flux decreased to negligible levels (Fig. 3), and the hydraulic
conditions in the membranes approached those in �CF mem-
branes (in terms of cross-flow performance). During this time, the
cells attached to the �CF membranes developed a complex 3D
structure, and the thickness of the biofilms increased; however,
the biofilms were not as thick as the biofilms on the �CF mem-
branes. The variability in the thickness of the biofilms on the �CF
membranes after 6 days was significantly greater than the vari-
ability in the thickness of the biofilms on the �CF membranes, as
shown by the standard deviations (Table 1). This finding corre-
lated with the higher frequency of bare patches on the �CF
membranes compared to the greater homogeneity of the cover-
age on the �CF membranes.

The morphology of the mature biofilms, as determined by
CLSM and high-resolution SEM, included a complex and fil-
amentous 3D structure, including cavelike structures and tun-
nels, which presumably allowed the transfer of nutrients and
gases toward the base of the biofilms (Fig. 4). This structure is
common in biofilms developing in fast-flow environments, as
reported previously (52).

The bacterial densities of the biofilms that accumulated on the
membranes were determined by obtaining plate cells counts, nor-
malized to either the membrane surface area (Fig. 5) or the
biovolume (Table 1). The bacterial density (based on the surface
area covered) for both �CF and �CF membranes increased as
the biofilm developed, as expected. However, a difference of
more than 5 orders of magnitude between �CF and �CF mem-
branes was seen at the early attachment stage at 1 h postinocu-
lation (Fig. 5). The difference gradually decreased with time; after
12 h the �CF membrane biofilms were 3 orders of magnitude
denser than the �CF membrane biofilms, and after 6 days the
�CF membrane biofilms were 1.5 orders of magnitude denser
than the �CF membrane biofilms. The decrease in the difference
correlated with the convergence over time of the two systems
toward a �CF membrane-like regimen and indicates that there

FIG. 3. Typical time profile for the relative permeability of a �CF mem-
brane due to the buildup of the biofouling layer. The asymptotic value of the
permeate flux corresponds to the fully developed biofilm (biofouling) layer.
The initial permeability was 0.6 
 0.06 liter/m2 · h-105 Pa.

TABLE 1. Biofilm properties

Time
(h)

Thickness (�m)a Bacterial density (CFU/�m3)b Bacterial biovolume/EPS biovolume ratioc

�CF �CF t test �CF �CF �CF �CF t test

12 8.5 
 4.9 2.9 
 1.8 0.0164 2.0 � 10�2 1.2 � 10�5 0.8 
 0.6 NDd

20 13.5 
 4.4 5.5 
 3.5 0.0021 2.5 � 10�2 2.8 � 10�3 0.9 
 0.3 1.2 
 0.5 0.2296
144 40.5 
 1.2 20.4 
 15.1 0.1475 3.7 � 10�1 1.0 � 10�1 8.6 
 4.9 4.0 
 2.2 0.0583

a Biofilm thickness was determined by CLSM. The values are the means 
 standard deviations of 15 replicates.
b Bacterial density was expressed as the number of CFU normalized to the biovolume for at least two independent experiments in which at least 10 measurements

were obtained for each type of membrane. Standard deviations could not be computed and a t test could not be performed since bacterial cell counting was done
independent of biovolume measurement.

c The values are the ratios of the bacterial biovolume to the EPS biovolume.
d ND, not detectable.
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was a saturation level for colonizing bacteria and reproduction
and detachment of the anchored bacteria under the hydrody-
namic conditions used. As stated above, the higher concentration
of cells on the �CF membranes was explained by the convection

force of the permeate stream, which actively transported bacteria
toward the membrane surface.

The increase in biofilm density was also apparent when the
increase in bacterial density normalized to biovolume was ex-
amined. The biovolume increased less than the cell count, and
it was apparently limited to a saturation value for the hydro-
dynamic conditions used (namely, the shear rate). As a conse-
quence, the biofilm became denser as it developed.

In addition, a gradual change in the biofilm composition that
took place during development may have contributed to the
change in the increase in the bacterial density observed. In-
deed, this was shown by the data for the biovolume of the
bacterial biomass relative to the data for the biovolume of the
EPS in a biofilm, which changed with time as the biofilm
became denser (Table 1). For a �CF membrane, at the early
stages (12 and 20 h) the same amounts of EPS and bacteria
were found (ratio, 1:1). After 6 days the ratio increased in favor
of the bacterial biomass, as the biofilm became denser.

On a �CF membrane, after 12 h a layer with a low bacterial
density instead of a defined biofilm had formed, and this was
taken into account when the biovolume ratio was calculated.

FIG. 4. Field emission SEM micrographs of 20- and 144-h-old biofilms grown under cross-flow and non-cross-flow conditions. After 20 h, there were
noticeable differences in the coverage area and biofilm development. After 144 h, both biofilms had developed a complex 3D structure. However, on the �CF
membrane there were still areas that were not fully covered.

FIG. 5. Bacterial densities of biofilms at different times, expressed as live
counts per area of the membrane. The values are the averages for at least four
independent measurements obtained in four independent experiments per-
formed as a set of two parallel runs each time. The error bars indicate
standard deviations. The bacterial densities for the �CF membrane at 12 h
are estimates, since the values were below the detection limit.
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After 20 h the bacterial density had increased, and the ratio
was close to the ratio obtained for the �CF membrane. After
6 days the �CF membrane biofilm had a developed structure,
in which most of the biovolume was bacterial biovolume. The
ratio of bacterial biovolume to EPS biovolume for the �CF
membrane biofilm, which was denser than the �CF membrane
biofilm, was twofold higher than the ratio for the �CF mem-
brane biofilm.

The relative locations and amounts of the different compo-
nents of biofilms (such as EPS, protein, and bacteria) are also
of interest, since they determine the physical stability and tol-
erance of biofilms to different stress conditions. Differential
CLSM observations and subsequent image analysis showed
that a mature biofilm (i.e., a biofilm that was 6 days old) was
surrounded by EPS that was 2 to 3 �m thick, whereas the
bottom portions were composed mostly of bacterial biomass
(Fig. 6). The EPS layer has been reported to be a protective
layer (20, 52). At an early stage of development (when the
biofilm was 20 h old), about one-half of the biovolume was EPS
biovolume, mostly located toward the external surface of the
biofilm (Fig. 7), while the internal portions were composed
mostly of bacterial biovolume. This phenomenon was charac-
teristic of biofilms on both the �CF and �CF membranes,
depending on the rate of development.

Importance of the permeate drag force as a means of bac-
terial transport and nutrient flux toward the membrane sur-
face. The permeate drag force augments the transfer of bac-
teria toward the membrane surface, as well as the flow of
nutrients and adsorbed gasses through the membrane surface,
providing the attached bacteria with a constant supply of nu-
trients and oxygen. These two processes occur simultaneously
when cross-flow filtration is present. The purpose of this part
of the study was to evaluate the contribution of each of these
two processes to the buildup of the biofilm layer.

In order to evaluate the cross-flow permeate drag force as a
means of bacterial transport, the system was inoculated and
operated for 1 h with and without cross-flow. This time was
long enough to allow the bacteria to attach to the membranes
but short enough to avoid significant reproduction of the ad-
herent bacteria. Plate count data showed that there was a
5-order-of-magnitude difference between the two types of
membranes (1.3 � 106 cells/cm2 attached to the �CF mem-
branes and �12 cells/cm2 attached to the �CF membranes).
This difference in the density of adherent cells was also shown
by microscopic observations (Fig. 8).

In order to evaluate the importance of the cross-flow per-
meate force in supplying a flux of nutrients and dissolved gases,
an experiment was performed in which three replicate mem-
branes were operated as �CF membranes for the first 15 min
after inoculation, which allowed identical passage of the per-
meate. Then the system was thoroughly washed to remove
planktonic bacteria, and one membrane was removed for plate
counting (control for initial colonization). The two remaining
membranes were then operated as �CF and �CF membranes
for additional 4 h. This setup allowed similar initial bacterial
colonization of the membranes, during which the permeate
stream supplied nutrients and gasses. The plate count for the
�CF membrane was 13.0 � 106 
 1.1 � 106 cells/cm2, which
was 5-fold higher than the plate count for the �CF membrane
(2.30 � 106 
 0.09 � 106 cells/cm2) and 12-fold higher than the

FIG. 6. Biofilm structure. (A) Typical CLSM micrograph of a 144-
h-old �CF biofilm (maximal-intensity merged image of the z stack).
The EPS cover the bacteria. (B) 3D image of the biofilm structure.
(C) Relative levels of the EPS and bacteria as measured by coverage
area at different z depths. The total thickness was 22 �m (1 �m per
cross section). Note that for the first three cross sections the EPS are
more abundant, while for all the other cross sections the bacterial
biovolume is dominant.
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plate count for the control membrane (1.10 � 106 
 0.01 � 106

cells/cm2). As shown by a comparison of the �CF and control
membranes, net cell growth equivalent to one doubling (i.e.,
potential biofilm growth) took place at the membrane surface.
However, as shown by a comparison of the �CF and control
membranes, the replication of the bacteria was approximately
12-fold greater on the �CF membrane. Hence, the contribu-
tion of permeation to the supply of nutrients to the bacteria
colonizing a membrane resulted in a 0.5-order-of-magnitude
increase for a 4-h time period, resulting in a ratio of more than
1:6 in favor of permeation as a means of bacterial transport
toward the membrane surface.

In conclusion, these results clearly indicate that the cross-
flow convective force enhanced bacterial transport (resulting in
a 5-order-of-magnitude increase in bacterial density on the
membrane within 1 h), while the increase in bacterial density
due to transport of nutrients to the biofilm was only 0.5 order
of magnitude after 4 h.

Adherence of live bacteria to the membrane surface under
cross-flow conditions. This part of the study was aimed at
evaluating quantitatively the contribution of the early attach-
ment of living bacteria to the membrane surface under cross-
flow conditions. To do this, the adhesion of live bacteria after
1 h and the adhesion of dead bacteria after 1 h were compared.
Surface coverage analysis showed that �CF membranes were
covered to almost the same extent, regardless of cell viability
(for live bacteria, 14.0% 
 5.9% of the area was covered with
bacteria; for dead bacteria, 19.6% 
 12.7% of the area was
covered with bacteria), while �CF membranes were covered to
a much lesser extent (0.5% 
 0.7% for dead cells and similar
results for live cells, as determined in other experiments).
Dead cells even appeared to cover more area than live bacteria
in two different experiments (Fig. 9), but the difference was not
statistically significant. This difference can be explained by
changes in the net charge and surface properties of the glut-
araldehyde-inactivated cells upon interaction with the mem-
brane surface compared with the net charge and surface prop-
erties of live bacteria (10, 29). In the case of �CF membranes
very low levels of cell adherence, as shown by the low coverage
area, were obtained with dead cells (Fig. 9C) and live cells (Fig.
8). Overall, these findings clearly indicate that the convective
force driven by the cross-flow is the dominant factor respon-
sible for transport of bacterial cells (and other similar colloids)
to the membrane.

DISCUSSION

Cross-flow is an important process in water and wastewater
membrane separation systems in which the main stream (feed)
flows parallel to the membrane walls, while the permeate
stream flows perpendicular to the feed stream, toward the
membrane wall. A major operational problem in this process is
the buildup of a biofouling layer, which blocks the membrane
and causes significant losses of energy. In order to study the
contribution of the permeation drag force to the creation of a
biofouling layer, a tubular flowthrough cell system, mimicking
simple pipe flow conditions, with and without permeate flow
was used. We found that membranes operating with a cross-
flow regimen were colonized very rapidly and that there was an
approximately 22% reduction in the permeate flux within the

FIG. 7. Typical image of a 20-h-old �CF biofilm. (A) Maximal-
intensity merged image of the z stack. (B) 3D image of the biofilm
structure, cut in the middle of the biofilm. (C) Relative levels of the
EPS and bacteria as measured by coverage area at different z depths.
The total thickness was 13 �m (1 �m per cross section). Note that for
the first nine cross sections the EPS was more abundant, while for the
other cross sections bacterial biovolume was predominant.
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first hour. These findings are in line with previous observations
for membrane colonization, which occurred within minutes
(34). In the absence of permeation (i.e., with only parallel
flow), the deposition of bacteria was slower since the plank-
tonic bacteria had to overcome the parallel drag forces to
reach the surface, as in the generic case of biofilm initiation in
flowing systems, and consequently the biofilm developed
slowly. Similarly, Kang et al. (31) reported that even in the
absence of a permeate stream there was deposition of bacteria
on a membrane.

Structural parameters of the biofilm layer, such as thickness,
biovolume, and bacterial density, increased gradually as the
biofilm developed. Interestingly, the differences in these pa-
rameters between the �CF and �CF membranes gradually
decreased with running time, and the values converged to
similar levels after 6 days of operation. This convergent time
profile can be explained by two processes that occurred in
parallel: (i) as planktonic cells attached to the membrane,
settled, and started to form a biofilm (	12 to 20 h), the �CF
membrane became clogged and the permeate flux decreased
exponentially, resulting in a lower permeate drag force that
transported bacteria and dissolved nutrients to the membrane
surface; and (ii) the biofilm on the �CF membrane developed
slowly in a conventional biofilm pattern under diffusive condi-
tions. Moreover, the hydraulic conditions used (retention time
less than the doubling time of planktonic cells) favored prolif-
eration of attached bacteria versus planktonic bacteria, whose
concentration in the system consequently decreased. These
events gradually reduced the influence of convection forces
toward the membrane surface due to permeate flux.

Our findings further show that transport of bacteria to the
membrane surface (by a convection force) is the main cause of
biofilm enhancement, while the flux of nutrients to the biofilm
is a less important mechanism. This effect is most significant in
the early stages of the biofilm development, when the active
transport of planktonic cells toward the membrane surface is
maximal and the dependence of the attached bacteria (still in
a monolayer) on a nutrient flux is less crucial. Once the biofilm
has fully developed, the dominant contribution of the perme-

ate stream is nutrient supply, even though at this stage the
permeate flux is significantly lower than that at the early stages.
Therefore, both effects of permeation are important to biofilm
development, but their relative magnitudes differ in the differ-
ent phases of development.

Twitching and swarming motility have been found to be
important for cell aggregation (25, 43) and hence for the de-
velopment of biofouling, especially in the early stages (12, 55).
Therefore, dead cells are not thought to be able to actively
adhere but are dependent on adsorption due to chemical in-
teraction forces (31) and the presence (or absence) of a per-
meation drag force. P. putida exhibits surface motility similar
to swarming at room temperature (18 to 28°C), the tempera-
ture used in this research. At this temperature (but not at
30°C) the bacteria produce type IV pili and a polar flagellum.
P. putida exhibits flagellum-independent surface movement,
but the pili and lipopolysaccharide-O antigen are required for
surface movement (36). Although these results were obtained
for P. putida KT2440, the only fully sequenced P. putida strain,
they may be applied to P. putida S-12. Indeed, microarray
hybridizations showed that S-12 exhibits the highest level of
genomic similarity to KT2440 (5). Our results indicate that in
the case of cross-flow filtration, the permeation drag force
overcomes the need for bacterial motility, and therefore, equal
amounts of dead cells and live cells reach the membrane sur-
face. This suggests that under the influence of the permeation
drag force, self-motility is not essential for primary coloniza-
tion.

A study of four strains of bacteria that produce biofilms on
reverse-osmosis membranes suggested that in the presence of
permeation, convective permeate flow reduces the dependence
of bacterial cells on flagellum-mediated swimming motility in
establishing the initial cell-to-surface contact (45). Our findings
support this hypothesis. In a static system, flagellar motility is
important for P. aeruginosa surface attachment, whereas type
IV pili facilitate microcolony formation (43). However, type IV
pili and flagellar motility do not significantly affect biofilm
formation in a system with a constant flow (16). This suggests
that cells subjected to shear force have limited surface move-

FIG. 8. SEM micrographs of a �CF membrane (A) and a �CF membrane (B) after 1 h of running time. Bacteria are adhering to the surface
of the �CF membrane, while the �CF membrane has no adherent bacteria.
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ment via type IV twitching motility and that the initial micro-
colony formation is affected mostly by other mechanisms, pri-
marily cellular division, rather than by a combination of cell
clustering and division.

In conclusion, our findings indicate that in membrane sep-
aration systems containing considerable loads of microorgan-
isms (such as seawater desalination plants and wastewater
treatment plants, in which the bacterial concentrations are 105

to 106 CFU/ml), the convective transport of bacteria to the
membrane remains the main cause of biofilm formation. Fur-
thermore, our results suggest that bacteriostatic pretreatment
of the feedwater to reduce bacterial colonization may not be
very helpful in membrane facilities, since the dead cells are
deposited on the membrane wall and cause clogging. Thus,
efficient removal of feed microorganisms by physicochemical
and/or physical separation should be performed. Yet limiting
nutrient availability in the feed seems to be the most effective
countermeasure for biofouling control as nutrients represent
potential biomass.
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